A sample of 52 Intermediate Vector Boson decays In the (vee) channel is described. They were produced at the CERN SPS CoUider for an integrated luminosity of 0.136 pb -1 Both production and decay properties fit well with expectations from the Standard Model of weak interactions. An improved value for the W mass is gwen and compared with the previously published value for the Z ° mass.
Introduction.
We have recently reported [1 ] ,1 the observation of five events selected by the presence of an isolated, high transverse-momentum electron and the absence of a prominent associated jet activity. The events all exhibited a very large missing transverse energy, interpreted as neutrino emission. The vector momenta of the electron and neutrino were found to be consistent with the assumption of the two-body decay of the type W -~ ev e. Since no other background could be found, they were interpreted as evidence for Intermediate Vector Bosom 0VBs). A value for the mass was also given: m w = (81 -+ 5) GeV]c 2 .
The experiment has been continued and the sample of events has now considerably increased. The present paper deals with a sample of 52 events. With improved statistics the following conclusions can be drawn:
(i) The production kinematics and the event rate agree with the hypothesis of quark-antiquark armihilation in a massive state, W ± .
(ii) The decay kinematics favours the two-body decay W -+ -+ e +-v e.
(iii) The angular distributions of positive and negative electrons are significantly different. This effect is in agreement with what is expected from a spin-one particle being produced and decaying into fermionantifermion states with maximal helicity.
(iv) The precision in the determination of the mass of the W ± particle has been considerably improved.
The UA1 detector is a very general purpose apparatus designed to study, as systematically as possible, the large-angle phenomenology of ~p collisions at V~ -= 540 GeV. The apparatus and the data-taking conditions are essentially unchanged from the work already reported, and we refer the reader to ref. [1] for more details. The main features of the UA1 detector for the present investigations are the following:
(i) Electron detection. The electron energy is determined by the energy sampled by lead scintillator shower counters 27 radiation lengths deep, and the absence of significant leakage beyond these. The energy resolution is approximately AErm s = 0.16 x/rff, where all energies are in GeV. Additional uncertainties are due to fluctuations in the absolute energy calibration for each counter element. ,1 See also the corresponding result by the UA2 Collaboration t21.
(ii) Neutrino detection. The presence of neutrino emission is signalled by an apparent lack of momentum conservation in the two components transverse to the beam. This unique feature of the UA1 detector is due to the complete solid.angle coverage of calorimeters down to 0.2 ° from the direction of the beams. The accuracy in each component of missing transverse energy is 0.4 X~T, where E T is the scalar sum of energy depositions in the transverse plane and all units are GeV.
(iii) Momentum analysis and charge determination. This is performed with accurate curvature measurement by the central detector, a large drift-chamber volume surrounding the crossing point and operated in a homogeneous 7 kG magnetic field. The central detector is also used to determine the over-all topology of the event and, in particular, the isolation criteria for the electron track.
Recently we have also reported [3] ,2 the observation of high invariant mass muon and electron pairs, due to the decay of a narrow, massive neutral particle. These events have been interpreted as due to the Z ° particle, the neutral partner of the W ±'s. Since both W -+ and Z 0 are observed simultaneously in our detector, relative comparisons between mass values and cross sections will be given.
Event selection.
Results are based on an integrated luminosity of 0.I 36 pb-1, which is corrected for dead-time and other similar losses and which includes the exposure for which results have been previously reported [ 1 ] . The trigger selection used throughout the investigation required the presence of an electromagnetic cluster at angles larger than 5 ° , with transverse energy in excess of 10 GeV. After on-line f'dtering and complete off-line reconstruction, about 1.5 X 105 events had at least one electromagnetic (EM) cluster with E T > 15 GeV. By requiring the presence of an associated, isolated [ 1 ] ,track with PT > 7 GeV/c in the central detector, We reduced the sample by a factor of about 100. Next, a maximum energy deposition (leakage) of 600 MeV is allowed in the hadron calorimeter cells after the EM counters, leading to a sample of 346 events. We then classify events according to whether there is a prominent jet activity. We find that in 291 Fig. 1 . The distribution of the missing transverse energy for those events in which there is a single isolated electron with E T > 15 GeV, and no coplanar jet activity. The curve represents the resolution function for no missing energy normalized to the three lowest missing-energy events.
events there is a deafly visible jet * 3 within an azimuthal angle cone I A¢I < 30 ° opposite to the "electron" track. These events are strongly contaminated by jet-jet events in which one jet fakes the electron signature and must be rejected. We are left with 55 events without any jet or with a jet not back-toback with the "electron" within 30 ° . The bulk of these events is characterized by the presence of neutrino emission, signalled by a significant missing energy (see fig. 1 ). According to the experimental energy resolutions, at most the three lowest missing energy events are compatible with no neutrino emission. They are excluded by the cut E~ nlss > 15 GeV. We are then left with 52 events. These events have a very clean electron signature (figs. 2a-2c) and a perfect matching between the point of electron incidence and the centroid in the shower detectors, further supporting the absence of composite overlaps of a charged track and neutral n °'s expected from jets.
In order to ensure the best accuracy in the electron energy determination, only events in which the electron track hits the electromagnetic detectors more than +-15 ° away from their top and bottom edges have been retained. The sample is then reduced to 43 events.
#a For the definition of a jet according to UA1, see for instance ref. [5 ] . We require a jet wzth transverse energy E T ~ 10 GeV. We have estimated, in detail, the possible sources of background coming from ordinary hadronlc interactions with the help of a sample of isolated hadrons at large transverse momenta and we conclude that they are negligible (<0.5 events). For more details on background we refer the reader to ref. [1] . We may, however, detect some background events from other decays of the W, namely
These events are expected to contribute only at the low PT part of the electron spectrum and they can be eliminated in a more restrictive sample.
Origin of the electron-neutrino events.
We proceed to a detailed investigation of the events in order to elucidate their physical origin. The large missing transverse energy observed in all events is interpreted as being due to the emission of one or several noninteracting neutrinos (whose transverse energy components only can be accurately determined). A very strong correlation in angle and energy is observed in the transverse plane with the corresponding electron quantities, in a characteristic back-to-back configuration expected from the decay of a massive, slow particle ( figs. 3a, 3b ). This suggests a common physical origin for the electron and for one or several neutrinos. In order to understand better the transverse motion of the electron-neutrino(s) system one can study the experimental distribution of the resultant transverse momentum p~/) obtained by adding neutrino(s) and electron momenta (fig. 4) . The average value is p~ = 6.3 GeV/c. Five events which have a visible jet have also the highest values ofPT fw). Transverse-momentum balance can be almost exactly restored if the vector momentum of the jet is added. The experimental distribution is in good agreement with the many theoretical expectations from QCD for the production of a massive state via the DreU-Yan quark-antiquark annihilation [6] . The small fraction (10%) of events with a jet are then explained as hard gluon bremsstrahlung in the initial state [7] .
Several different hypotheses on the physical origin of the events can be tested by looking at kinematical quantities constructed from the transverse variables of the electron and the neutrino(s). We retain here two possibilities, namely (i) the two-body decay of a massive particle into the electron and one neutrino, W -+ eue; and (ii) the three-body decay into two, or possibly more, neutrinos and the electron. One can see from figs. 5a and 5b that hypothesis (i) is strong favoured. At this stage, the experiment cannot distinguish between one or several closely spaced massive states.
Determination of the invariant mass of the HUe) system.
A (common) value of the mass m w can be extracted from the data in a number of ways, namely:
(i) It can be obtained from the inclusive transverseenergy distribution of the electrons (fig. 5a ). The drawback of this technique is that the transverse momentum of the W particle must be known. Taking the QCD predictions [6] , in reasonable agreement with experiment, we obtain m w = (80.5 -+ 0.5) GeV/c 2.
(ii) We can define a transverse-mass variable, m 2 . 5c ) shows then a relatively narrow peak, at approximately 76 GeV/c 2. Modeldependent corrections contribute now only to the difference between this average mass value and the fitted m w value, m w = (80.9 +-1.5) GeV/c 2. An interesting upper limit to the width of the W can also be derived from the distribution, namely F w ~< 7 GeV/c 2 (90% confidence level).
The three mass determinations give very similar results. We prefer to retain the result of method (iii), since we believe it is the least affected by systematic effects, even if it gives the largest statistical error. Two important contributions must be added to the statistical errors:
(i) Counter-to-counter energy calibration differences. They can be estimated indirectly from calibrations of several units in a beam of electrons; or, and more reliably, by comparing the average energy deposited by minimum bias events recorded periodically during the experiment. From these measurements we t'md that the rms spread does not exceed 4%. In the determination of the W mass this effect is greatly attenuated, to the point of being small compared to statistical errors, since many different counter elements contribute to the event sample.
(ii) Calibration of the absolute energy scale. This has been performed using a strong 60Co source in order to transfer test-beam measurements to the counters in the experiment. Several small effects introduce uncertainties in such a procedure, some of which are still under investigation. At the present stage we quote an over-aU error of +3% on the energy scale of the experiment. Of course this uncertainty influences both the W ± and Z ° mass determinations by the same multiplicative correction factor.
Longitudinal motion of the W particles.
Once the decay reaction W ~ ev e has been established, the W mass allows the determination of all kinematic quantities of the electron-neutrino system, resulting in a quadratic equation for the longitudinal component of the neutrino momentum. The ensuing twofold ambiguity can be resolved for 70% of the events, because one of the solutions is incompatible with energy and momentum conservation in the overall event. Most of the remaining events have solutions which are quite close, and the physical conclusions are nearly the same for both solutions. The fractional beam energy x w carried by the W particle is shown in fig. 6a and it appears to be in excellent agreement with the hypothesis of W production in q?t annihilation [8] ,4. Using the well-known relations x w = Xp -x~ and Xp. x~ = m2/s, we can determine the relevant parton distributions in the proton and antiproton. One can see that the distributions are in excellent agreement with the expected x distributions for quarks and antiquarks respectively in the proton and antiproton (figs. 6b and 6c). Contributions of the u and d quarks can also be neatly separated, by looking at the charges of produced W events, since (ud) W + and (rid) ~ W-(figs. 6d and 6e).
Effects related to the sign of the electron charge.
The momentum of the electrons is measured by their curvature in the magnetic field of the central detector.
Out of the 52 events, 24 (14) have a negative (positive) charge assignment; 14 events have a track topology which makes charge determination uncertain. Energy determinations by calorimetry and momentum measurements are compared in fig. 7a , and they are, in general, in quite reasonable agreement with what is expected from isolated high-energy electrons. A closer examination can be performed, looking at the difference between curvature observed and expected from the calorimeter energy determination, normalized to the expected errors ( fig. 7b) . One can observe a significant deviation from symmetry (corresponding to p < E), which can be well understood once the presence of radiative losses of the electron track (internal and external bremsstrahiung), is taken into account [9] . Weak interactions should act as a longitudinal polarizer of the W particles since quarks (antiquarks) are pro- The curve is the prediction obtained by assuming the W has been produced by q~l fusion [8] . Note that in general there are two kinematic soluUons for x w (see text), which are resolved in 70% of the events by consideration of the energy flow m the rest of the event. Where this ambiguity has been resolved the preferred kinematic solution has been the one with the lowest x w. In the 30% of the events where the ambiguity is not resolved the lowest x w solution has therefore been chosen. (b) The x-distribution of the proton quarks producing the W by qCt fusion. The curve is the prediction assuming qcl fusion [8] . vided by the proton (antiproton) beam. Likewise decay angular distributions from a polarizer are expected to have a large asymmetry, which acts as a polarization analyser. A strong backward-forward asymmetry is therefore expected, in which electrons (positrons) prefer to be emitted in the direction of the proton (antiproton). In order to study this effect independent. ly of W-production mechanisms, we have looked at the angular distribution of the emission angle 0* of the electron (positron) with respect to the proton (anti- (1/E -l/p} / Ol/E+OMp 
280
More generally it has been shown by Jacob [10] ,s that for a particle of arbitrary spin J one expects:
where (ta) and 03 are, respectively, the global helicity of the production system (ud) and of the decay system (e~). For V -A one then has OO = (/a) = -1, J = 1, leading to the maximal value (cos 0") = 0.5. For J = 0 one obviously expects (cos 0") = 0 and for any other spin value J>~ 2, (cos 0") ~< 1/6. Experimentally, we find (cos 0") = 0.4 + 0.1, which supports both the J = 1 assignment and maximal helicity states at production and decay. Note that the choice of sign (#) = OO = +-1 cannot be separated, i.e. right-and left-handed currents both at production and decay cannot be resolved without a polarization measurement.
Total cross section and limits to higher mass W's.
The integrated luminosity of the experiment was 136 nb -1 and it is known to about -+15% uncertainty. In order to get a clean W ~ ev e sample we select 47 events with p~) > 20 GeV/c. The W ~ rvz contamination in the sample is estimated to be 2 + 2 events. The event acceptance is estimated to be 0.65, due primarily to: (i) the p~) > 20 GeV/c cut (0.80); (ii) the jet veto requirement within A¢ = _+30 ° (0.96 -+ 0.02); (rio the electron-track isolation requirement (0.90 -+ 0.07); and ,5 We thank Professor M. Jacob for very helpful comments on the subject. fig. 9b . This direct measurement of the model parameters agrees well with results from lepton interactions [ 13] .
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